While the mechanism of biological phosphorus removal (BPR) and the need for volatile fatty acids (VFA) have been well researched and documented to the point where it is now possible to design a plant with a very reliable phosphorus removal process using formal flow sheets, BPR is still observed in a number of plants that have no designated anaerobic zone, which was considered essential for phosphorus removal. Some examples are given in this paper. A theory is proposed and then applied to solve problems with a shortage of VFA in the influent of the Henderson NV plant.
BACKGROUND
The Henderson plant near Las Vegas, Nevada, treats an average flow of 80,000 m 3 /d before discharge to the Las Vegas wash, a fairly well isolated arm of Lake Mead. With the present low lake levels there is little exchange between the water in this arm of the lake, which receives effluent from the Las Vegas metropolitan area, and the main body of the reservoir. Regulatory requirements that limit the phosphorus to the lake to less than 16.5 kg/d result in maximum permissible effluent phosphorus concentrations of 0.14 mg/L when the flow from the Henderson plant equals 115,000 m 3 /d. Two existing Carousel plants were upgraded to biological nutrient removal (BNR) and retrofitted with anaerobic and anoxic basins to treat 30,000 m 3 /d each. A new parallel BNR plant, shown in Figure 1 , was constructed to treat an additional 23,000 m 3 /d. No primary sedimentation tanks were provided as it could not be justified when working at the short sludge retention time (SRT) required for nitrification in such warm climates. The combined effluent from the two plants was pumped to rapid mixing, chemical clarifiers and sand filters. Long pumping mains and wastewater temperature ranging from 20 to 28 W C produced sufficient volatile fatty acids (VFA) in the influent for achieving good biological phosphorus removal (BPR) and no additional fermentation units were added. Both the Carousel and BNR plants are operated in the Johannesburg (JHB) configuration. A pre-anoxic zone was provided in all the parallel trains for denitrification of the return activated sludge (RAS). During start-up of the plant, the concentration of the VFA in the influent was as low as 5 mg/L, as opposed to between 20 and 30 mg/L during the design stage. While phosphorus removal also depends on the readily biodegradable COD (rbCOD) in the effluent, the VFA/TP (total phosphorus) ratio in the influent should be above 4 for good phosphorus removal (Barnard ) . It appeared that a nitrate solution that was added to the sewer system to combat odours also oxidized the VFA or prevented their formation. 
LOOKING FOR SOLUTIONS

FERMENTATION OF MIXED LIQUOR
Barnard () noticed the release of phosphorus in the second anoxic zone when testing the process in a 100 m 3 /d pilot plant. Phosphorus was released in the second anoxic zone to over 30 mg/L as P with rapid uptake in the reaeration zone, achieving soluble effluent phosphorus concentrations at less than 0.2 mg/L. The lay-out of the pilot plant is shown in Figure 2 . A dead zone was formed inadvertently in an effort to have predetermined volumes for each of the four zones. The circled numbers in the sketch on Figure 2 show the soluble phosphorus concentrations in the mixed liquor of each stage. In this four-stage process configuration, the phosphorus was consistently reduced from a total of 8 mg/L in the influent to less than 0.2 mg/L soluble phosphorus in the effluent. However, the release of phosphorus in the second anoxic zone and removal in the reaeration zone of the pilot plant, shown in Figure 2 , could not be explained as there was no apparent source of VFA for this release and uptake. Barnard () suggested that there was a possible exchange of mixed liquor between the second anoxic zone and the adjacent dead zone in the pilot plant. There were two 25 mm holes in the partition which allowed some exchange of mixed liquor between what was presumed to be a dead zone and the second anoxic zone. The mixer in the second anoxic zone caused a pulsing action on the openings between the zones which effectively pumped mixed liquor in and out of this zone. Barnard estimated that the flow of mixed liquor into the unmixed zone could not have exceeded 7% of the influent flow rate. It appeared that fermentation of the mixed liquor passed VFA back to the second anoxic zone, resulting in the release of phosphorus and uptake in the re-aeration zone. It will no longer be referred to as a 'dead zone' but an unmixed inline fermenter (UMIF). Secondary release of phosphorus was observed when all the mixed liquor was passed through a mixed unaerated zone with no nitrates (Scruggs et al. ) . Under these conditions the phosphate accumulating organisms (PAO) have already processed all the stored poly-β-hydroxy-alkanoates (PHA) and they cannot survive unless they use energy in the form of stored polyphosphates, releasing phosphorus in the process. With no remaining store of PHA they will not be able to take up the phosphorus that was released. To enhance phosphorus removal, actual fermentation of only a small portion of the mixed liquor must take place, producing sufficient VFA, while phosphorus will be released from only that portion of the mixed liquor and not from the total flow. The secondary release of phosphorus was thus defined as the result of conditions without the presence of oxygen, nitrates, or VFA. This could happen in the anoxic zone after the nitrates are depleted or in the sludge blanket of the final clarifiers.
Observations of phosphorus removal in plug-flow plants in the late 1960s and early 1970s probably resulted from VFA already in the influent, as the mixing in the bioreactor was good but the aeration was insufficient. In the plug-flow plants of that, period very inefficient coarse bubble aeration, which created a rolling motion, was used. Milbury et al.
() noted that, in all plug-flow plants that removed phosphorus at that time, a release of phosphorus was observed at the influent end. It is highly possible that the core of the mixed liquor was anaerobic even with peak aeration. Milbury et al. () reported that when nitrification took place the phosphorus removal was reduced. Nitrates in the anaerobic zone can be used by other heterotrophs to oxidize VFA and inhibit the fermentation of rbCOD to VFA, which is required by the PAO for growth and survival. It is postulated that, in nitrifying plants without denitrification zones, it is necessary for the sludge to settle into a sludge blanket where the oxidation-reduction potential could be low enough and where no nitrates are present, to ensure fermentation in spite of nitrates in the influent. In the example of the pilot plant shown in Figure 2 , while there were some nitrates in the mixed liquor of the second anoxic zone, there was no mixing in the fermentation zone, which allowed a thick sludge blanket to form.
In many Modified Ludzack-Ettinger plants where there is abundant VFA in the feed, phosphorus removal takes place without an anaerobic zone as there is sufficient VFA for both denitrification and uptake by the PAO. At the Reedy Creek FL plant, phosphorus removal was achieved by simply switching off air in the first 12% of the plug-flow aeration basin (Barnard ) . With temperatures in excess of 22 W C, nitrification was inevitable in this plant and, as there was no deliberate denitrification, the RAS contained nitrates.
Because of the flatness of the terrain, the plant was fed by 13 pumping stations. Force mains serve as fermenters and, as a result of the high VFA concentration in the influent, there was sufficient to take care of the nitrates in the RAS while still promoting uptake of VFA by the PAOs.
SOME EXAMPLES OF MIXED LIQUOR FERMENTATION
Narayanan et al. () described the conversion of a highrate Pho-strip plant at the Truckee Meadows NV to a highrate Phoredox plant with side-stream fermentation of some of the return sludge. In the conversion to Phoredox, about 15% of the RAS was fermented in the stripper, but both the supernatant and the underflow were returned to the anaerobic zone. Nitrates were not formed, and the very short SRT in the aeration basin resulted in RAS with a larger active mass, which was favourable to fermentation. Soluble phosphorus was reduced to less than 0.1 mg/L. Stroud & Martin () partitioned an existing treatment plant to have maximum flexibility. They found that the configuration shown in Figure 3 produced the best nitrogen and phosphorus removal, with effluent TN less than 3 mg/L and TP less than 0.5 mg/L without filtration. This configuration consisted of a four-stage Bardenpho process, with the RAS passing through an anoxic stage (AX) to remove the remaining nitrates, then through an anaerobic stage (AN) with 10% of the flow diverted to a side-stream fermenter. It was not clear whether the fermenter zone was completely mixed. 
APPLICATION AT THE HENDERSON NV WWTP
Based on the above observations, it was decided to operate the second anaerobic zones of each of the three plants as UMIF by switching off the mixer in that zone. It was activated for only 15 min each day to prevent permanent settling of solids on the floor or in the corners away from the main flow through the tank. This is demonstrated in Figure 4 (AN anaerobic, AXanoxic). BPR was greatly improved, as can be seen from Figure 5 . The abbreviations in the legend are ANA for the Carousel plant, SPS for secondary pump station for pumping to the tertiary plant, SCC for the solids contact clarifier and final effluent. Both the Carousel and the BNR plants performed equally well. As the effluent was filtered, only soluble phosphorus concentrations were determined, and concentrations were well below the regulatory limits. It is not clear what caused the peaks of phosphorus at the pump station and not in the secondary effluent, but they were eliminated by the tertiary stage of alum addition, sedimentation and filtration. The average effluent ortho-phosphorus concentration is less than 0.03 mg/L. The one spike in the data could be an analytical error.
The mixed liquor enters the UMIF zone (AN2) in one corner and exits in the opposite corner. The settlement in this zone increased the density of the mixed liquor and the lower-density incoming mixed liquor tends to float over the mixed liquor in the basin which is undergoing fermentation. Based on the excellent performance after switching off the mixers, it is conceivable that the VFA formed in the fermenting mixed liquor in the static zones are exchanged with the less dense portion that tends to float on the surface. A more detailed study is required to test this hypothesis. The surface of this UMIF zone at a time when the mixer is off is shown in Figure 6 . There is a line of mixed liquor going from one corner to the opposite one. This is not an optimal design, but the results point to a feasible solution.
In future designs it was proposed to stay with three anaerobic zones, of which the central one could be used for fermentation. A bypass could be engineered by constructing a pipe or channel through the second zone to the third zone to better control the portion of mixed liquor diverted to the fermentation zone. This would then be similar to what happened in the original pilot plant, where some mixed liquor was inadvertently passed to and from a mixed liquor fermentation zone, but in a more controlled fashion. It will also be possible to use an existing tank outside the reactor in the same way, by pumping a controlled amount of mixed liquor to such a zone, and return the overflow to the same tank.
DISCUSSION
It is proposed that BPR can be provided under conditions where the mixed liquor (or the RAS) is fermented to form rbCOD or VFA as long as only a portion of the mixed liquor or sludge is fermented. From all the referenced material, it seems that if the equivalent of around 7 to 10% of the RAS flow is diverted to a fermenter, and if the solids can be retained in the fermenter for more than 2 days, fermentation of the volatile solids in the mixed liquor will produce sufficient VFA for sustaining BPR. Smolders et al. () proposed that when mixed liquor passes through an anaerobic zone the PAOs will survive due to their ability to use adsorbed VFA for maintenance. When fermenting mixed liquor in a side-stream as suggested above, the PAOs have a better chance of surviving the fermentation conditions and it is postulated that most of the fermentation comes from both the organic matter adsorbed to the sludge flocs and the fermentation of other heterotrophs. The PAOs will release all their phosphorus but may come out of the fermenter zone with sufficient PHA to take up all the phosphorus that they released. It is therefore suggested that it is possible to see selective fermentation of other heterotrophs in UMIFs.
Design considerations
The main problem is our inability to model UMIF with one of the simulation packages. For this reason, Envirosim in conjunction with the main author showed that it is possible to model such processes and to be able to simulate any of the events described in this paper. Houweling et al. () described an approach to modeling these unconventional fermentation systems but only on the basis of using a maintenance model, similar to that proposed by Smolders et al. () for the PAO in place of the lyses model used in present simulation packages. This is most important, as the interaction of the VFA present in the influent and that created in the UMIF zones is difficult to calculate by hand and a good model is necessary for design.
CONCLUSIONS
Phosphorus removal has been observed in unconventional treatment plants not specifically designed for it. Other plants designed for phosphorus removal produced disappointing results due to a lack of sufficient rbCOD or VFA in the influent. The key to successful phosphorus removal in unconventional plants was the fermentation of some of the RAS or mixed liquor, sometimes inadvertently or by intentional manipulation. In many instances, this has led to some remarkable results, but the mechanisms at work are not fully understood. It was also demonstrated that in plants that incorporate unaerated zones in the first stages, but with too little rbCOD in the influent, little BPR takes place unless it is enhanced by some in-basin fermentation of the mixed liquor. From a survey it would appear that no two plants with unconventional flow sheets that have successfully removed phosphorus had the same circumstances in relation to the nature of the solids fermented, the VFA in the influent, the nitrates in the RAS and whether sludge blankets were formed in the fermentation zones. In order to incorporate these features in the design or retrofitting of plants for phosphorus removal, we need to understand the mechanisms to the point where it will be possible to successfully model the performance of such plants. This may not be feasible in all cases, but it is hoped that what now happens by chance can be incorporated in the design to achieve this. Envirosim has undertaken a study to understand and model the behaviour of such plants.
